Abstract
Introduction

38
The glucocorticoid receptor (GR) is a ligand (glucocorticoid)-activated transcription factor that 39 participates widely in functions related to homeostasis and adaptation (1). Functional properties of GR 40 action have been widely queried, using pharmacological, viral vector and electrophysiological 41 approaches, with most of the literature using rat models (2-6). Recent decades have seen an increase in 42 the use of mouse models to provide Cre-driver mediated deletion in specified cell populations (e.g. 43
CaMKIIα neurons of the forebrain, Simpleminde-1 (Sim-1) neurons of the hypothalamus (7, 8)). While 44 yielding valuable information on cell type-specific GR actions (9), the use of mice has proven 45 problematic with regard to high-resolution behavioral and physiological analyses due to the different 46 behavioral repertoire of mice (high strain and inter-experiment variability in memory tests) and the 47 small size (e.g., prohibits repeated blood sampling)(10-13). 48
The emergence of CRISPR (Clustered Regularly Interspaced Short Pali ndromic Repeats)/ Cas 9-mediated 49 gene editing now affords gene targeting in numerous species, including rat (14-16). For example, 50 CRISPR/Cas9 methods allow for introduction of exon-flanking loxP sites to generate conditional 51 knockout alleles and subsequent gene deletion following exposure to Cre recombinase, using either 52 driver lines or viral vector approaches. In this study, we used CRISPR/cas9 to specifically insert loxP sites 53 to sequences flanking exon 3 of the Nr3c1 (GR) gene in Sprague Dawley rats (an outbred strain 54 commonly used to explore GR function) via homology-directed repair (HDR). Our data provide validation 55 of the Nr3c1 gene editing in rats, and use viral vector-mediated Cre delivery to demonstrate targeting of 56 GR deletion to specific cell types, brain regions and circuits. Functional efficacy of GR deletion in the 57 prelimbic division (PL) of the medial prefrontal cortex (mPFC) (PL-PFC) was verified by sex-specific 58 deficits in extinction of conditioned fear in females and a shift to active coping in the forced swim test 59 (FST) in males. Overall, our study shows the utility of this gene editing technique to generate conditional 60 gene deletion models that can leverage the considerable advantage of rats in behavioral and 61 physiological research. 62
Results
63
We directly manipulated the genome of Sprague Dawley rat zygotes by CRISPR/Cas9 to generate the 64 floxed Nr3c1 allele. We used a dual sgRNA strategy to delete the sequence containing exon 3 of the 65
Nr3c1 gene and repaired it with a donor plasmid that contains the deleted sequence, two flanking loxP 66 sites, a right homologous arm at 2.57kb, and a left homologous arm at 1.95kb ( Figure 1A, 1B) . Because 67 truncated sgRNAs increase targeting specificity (17), we chose six sgRNAs with various lengths (17-20 nt) 68
(Supplementary Table 1 ) and validated their editing activity in rat C6 glioma cells by T7E1 assay 69 (Supplementary Figure 1) . We picked two sgRNAs, sg-2 and sg-6, for targeting the 5' and 3' sequences of 70 exon 3, respectively. Both sgRNAs were 17nt in length, which is expected to provide high specificity (17) . 71
The two selected sgRNAs, Cas9 mRNA, and the donor plasmid were microinjected into ~60 rat zygotes, 72 followed by embryo transfer into pseudopregnant female rats. Seventeen pups were born. We 73 identified that one of them (#60) was correctly targeted, which was confirmed by PCR w ith the external 74 primers ( Figure 1C , 1D) paired with the primers partially containing loxP sequences (P5-P6 and P10-P8 75 for 5' and 3' ends, respectively; Figure 1E , 1F). It was further confirmed by primer pairs P5-P7 and P9-P8, 76
followed by ClaI and BamHI enzyme digestion and Sanger sequencing (data not shown). The fact that the 77 offspring of rat #60 can be bred to homozygosity indicates the correct targeting of loxP sequences to the 78 Nr3c1 gene, instead of random integration ( Figure 1G ). 79
Validation of Conditional Gene Deletion: Viral Vector Targeting 80
To test the efficacy of this novel rat line, we administered adenoviral Cre recombinase constructs to 81 drive regional, cell type-specific and projection-specific deletion of Nr3c1. Regional deletion targeted the 82 basolateral amygdala (BLA), using human synapsin promoter-driven Cre recombinase (AAV8-hSyn-Cre, 83 UNC Vector Core, NC, USA) microinjections. Cre-positive cells were devoid of nuclear GR 84 immunoreactivity in SD:nr3c1 fl/fl rats (Figure 2A ), whereas the vast majority of Cre-positive cells co-85 expressed GR in wildtype controls (SD:nr3c1 wt ) ( Figure 2B ) injected with the same viral construct (AAV8-86 hSyn-Cre, UNC Vector Core). 87
We then assessed cell-type specific deletion by injection of AAV9.CamKII.HI.eGFP-Cre.WPRE.SV40 (AAV-88 CaMKIIa-Cre) virus into the prefrontal cortex of SD:nr3c1 wt or SD:nr3c1 fl/fl rats. Infusions of AAV-CaMKIIa-89
Cre caused widespread loss of GR immunoreactivity within GFP positive cells in the PFC of AAV -CaMKIIa-90
Cre virus injected SD:nr3c1 fl/fl rats (figure 2C yellow arrows), but no GR loss is noted in wildtype control 91 (SD:nr3c1 Finally, we used an intersectional approach to examine connectional deletion of GR, focusing on PFC 96 projection neurons to the BLA. Retrogradely-infected (Cre-positive) neurons were observed in the PFC 97 after administration of AAVrg pmSyn1-EBFP-Cre, (Addgene) to the BLA. We did not observe GR 98 immunoreactivity in SD:nr3c1 fl/fl rats ( Figure 2E ), whereas substantial proportions of PFC-BLA projecting 99 neurons contained GR immunoreactivity in control virus (AAVrg-CAG-GFP, Addgene) injected animals 100 ( Figure 2F ). These studies highlight the novel use of this rat model to query not only the role of GR in a 101 specific region in isolation but also how GR functions as part of an integrated circuit. 102 Figure 3C ). The 106 PFC plays a critical role in extinction of emotional memory (e.g. conditioned fear), selection of emotional 107 coping strategy and HPA axis reactivity (18-21). CaMKIIα is a calcium binding protein that is most 108 commonly found in glutamatergic neurons of the forebrain, thus we are targeting the excitatory output 109 of the PL-PFC. We therefore tested whether GR knockout in CaMKIIα targeted neurons in this region 110 affected extinction of conditioned fear to an auditory fear conditioning paradigm, and behavioral coping 111 during the FST. For fear conditioning, rats were exposed to 5 tone shock pairings on the first day 112 (acquisition), followed by 2 days of 20 tones without a paired shock, (extinction and extinction recall). The PFC has also been implicated in coping behaviors and behavioral adaptation during acute and 133 chronic stress. We used the FST to investigate remodeling of behavioral coping strategy during an acute 134 stress challenge. There was no effect of PL-PFC-driven GRKO (SD: suggests GR in excitatory neurons of the PL-PFC may facilitate a shift, selectively in males, to more 158 diverse active escape behaviors than just swimming and climbing alone. 159
Our lab has previously shown that GRKO in the PL-PFC increases corticosterone to acute restraint (2). 160
We subjected male and female GRKO and control rats to an acute restraint challenge and took tail blood 161 samples at 0min, 15min, 30min, 60min, and 120min from the start of restraint to measure plasma 162
corticosterone. There was a GRKO may have negative feedback inhibition due to the inability to return to a similar resting level of 169 corticosterone as control rats. The lack of differences after PL-PFC GRKO in the males compared to our 170 previous study may be due to the specificity of our virus to knockdown only in CaMKII α cells, whereas 171 previously a ubiquitous promotor on a lentiviral delivered shRNA was used which targets all neuronal 172 cell types, including inhibitory GABAergic interneurons (2). 173
Discussion
174
Prior studies document generation of knockout and Cre dependent knockout rat models using 175 CRISPR/Cas9 as a molecular tool (15, 22) reviewed in (14). Here we created a conditional (Cre-176 recombinase dependent) GR knockout rat using CRISPR/Cas9. Validation of genome integration was 177 accomplished by PCR, and Cre-dependent deletion by site and circuit specific viral vector expression of 178
Cre. Finally, circuit specific deletion was used to document GR-dependent modification of behavioral 179 and neuroendocrine function by the prelimbic cortex. The CaMKIIα promoter is thought to largely direct 180
Cre expression to cortical projection neurons with over 80% efficacy (23) and thus it is likely our 181 manipulations were able to successfully target excitatory projection neurons. 182
Deficits in fear conditioning and alterations in behavioral coping style are a common phenotype in 183 murine GR knockout models as well as following chronic stress (2). We used site and cell specific 184
knockout of GR to demonstrate that CaMKIIα cells in the PL-PFC require GR for appropriate fear 185 responses and extinction in females. Conversely, male rats lacking GR in the PL-PFC, shift to an active 186 escape behavior in the FST, suggesting adoption of an active coping strategy. Females (but not males) 187 evidenced deficient shut-off of HPA axis stress responses, consistent with a sex-specific dependence on 188 the PL GR for full feedback inhibition. The data highlight a strong interaction between GR signaling and 189 sex in coordination of prefrontal cortical signaling mechanisms. Moreover, the data provide functional 190 evidence that CRISPR/Cas9 can be used to provide high-resolution cell and site specific assessment of GR 191 action in brain, leveraging the advantages of the rat as a model organism. 192
Prior studies have used promoter-specific Cre driver mouse lines to generate targeted GR knockout in 193
mice. Mouse studies demonstrate that CaMKIIα-Cre directed GR deletion in the forebrain (targeting 194 exon 2 or 3) promote anxiety-related behavior, passive coping and corticosterone hypersecretion in 195 male, but not female mice (9, 24, 25). It is important to note that the mouse CaMKIIα driver line deletes 196 GR in multiple brain regions, including cortex, hippocampus, basolateral amygdala, caudate and bed 197 nucleus of the stria terminalis, many of which interface with stress and emotional behavior. The 198 extensive knockout makes it impossible to specify circuit-specific roles of stress hormone signaling in 199 behavior and stress physiology. Prior studies have not specified GR-specific deficits in cognitive 200 behaviors, which can be difficult to assess in mouse models (10-12). Here, we show that by using these 201 viral constructs with specific promoters (CaMKIIα) in GR floxed rats, we can not only drive expression of 202
Cre-recombinase in a cell-type specific manner, but also a defined region, allowing precise investigation 203 of the role of GR in behavior. 204
There is a possibility of genetic modifications, even with the highly site specific editing of the 205 CRISPR/Cas9 system, when inserting LoxP sites into the genome (reviewed in (26-28)). We tested the 206 most likely frameshift insertion and deletion (indel) mutations that could be introduced by unexpected 207 non-homologous end joining or inaccuracies in the sgRNA targeting. We used PCR amplification and 208 sequencing to determine that there were no mismatches in these sequences compared to wildtype 209 controls (Supplementary Table 2&3 ). We are thus confident that our LoxP insertion did not cause any 210 genetic mutations that would interfere with in vivo studying of the GR functioning in the rats on a 211 genetic basis. As an additional control, we further investigated physiological and behavioral effects of 212 this targeted insertion. We performed multiple tests of behavior, and observed no effect of gene 213 targeting on any behavioral endpoint (Supplementary Figure 2) . Furthermore, we found no differences 214 in bodyweight (Supplementary Figure 3) or organ weights commonly changed with chronic stress 215 (Supplementary Table 4) . 216
Our functional studies indicate that female (but not male) rats with knockout of GR in the PL-PFC have 217 heightened fear response and impaired extinction. Importantly, these data inform prior PL-PFC 218 lesion/inactivation studies, which indicate that the PL is critical for appropriate encoding and expression 219 of conditioned fear (20, 29, 30). The data indicate that GR signaling is an important component of this 220 process in females, but may be less so in males (although the increased freeze times in males may 221 reflect a more 'intense' response to the shock, which may result in ceiling effects on subsequent 222 exposure to cues). In the FST, males but not females increased the number of diving events. As diving is 223 considered an active coping behavior (31-33), it is likely that GR in the PL-PFC also interfaces with coping 224 behaviors in a sex-specific manner. In combination, these data indicate that use of enhanced precision 225 methods of gene targeting such as CRISPR/Cas9 in rat reveal substantive new information on the biology 226 of the PL-PFC and its interaction with biological sex. 227
Deficits in conditioned fear and glucocorticoid feedback efficacy are associated with depression, post-228 traumatic stress disorder and other stress related diseases in human. It is important to consider that 229 these disease states are overrepresented in women (2;1), and also involve modification of prefrontal 230 cortical circuitry in neuroimaging studies (34-37). Emergence of behavioral and neuroendocrine deficits 231 following targeting of GR in the PL of females may reflect a mechanism underlying selective vulnerability 232 of females to stressful life events, suggesting that appropriate GR signaling is required to mitigate the 233 impact of adversity. 234
Overall, we demonstrate that CRISPR/Cas9 gene editing is effective in generating novel tools for bio-235 behavioral research in a highly tractable model organism with a long and well -documented history. As 236 noted in our functional studies, the SD:nr3c1 fl/fl line can be of significant value in the context of higher 237 order behavioral assays (cognitive behaviors, goal-directed behaviors, reward behaviors/drug self- We used four different sets of primers ( Figure 1C, 1D) to verify that the loxP sequences were inserted in 268 the 5' and 3' sides of exon 3. DNA was extracted from tail blood sample by using PureLink® Genomic 269 DNA Kits cat N: K1820-01, K1820-02, K1821-04. To discriminate the genotype of the rats, we performed 270 PCR reactions with the primers that are listed in Figure 1C For confirmation by sequencing, the expected bands from homozygote rats and littermate WT control 275 were separated from the agarose gel and purified with Thermo Scientific™ GeneJET™ Gel Extraction Kit. 276
The purified DNA was sent to Cincinnati Children's Hospital Medical Center (CCHMC) DNA Sequencing 277
and Genotyping Core to sequence the 3' and 5' sites of exon 3 of the Nr3c1 gene, using the P1-P2 and 278 P3-P4 primers. The sequencing data clearly showed the inserted flox sequences in both 3' and 5' sides of 279
Nr3c1 in Flox/Flox rats. The flox sequences were not seen in the WT littermate controls ( Figure 1G) . 280
Stereotaxic surgery 281
Adult male and female SD:nr3c1 fl/fl and SD:nr3c1 wt rats (350g) were singly housed on a 12hr light/dark 282 cycle in a temperature-and humidity-controlled housing facility at the University of Cincinnati. All 283 experimental procedures were conducted in accordance with the National Institutes of Health 284
Guidelines for the Care and Use of Animals and were approved by the University of Cincinnati 285
Institutional Animal Care and Use Committee. Animals were deeply anaesthetized with 4-5% Isoflurane, 286 prior to placement in the stereotaxic frame (Kopf Instruments) and sedation maintained at 2-3% 287 isoflurane during surgery. A 2ul Hamilton syringe was used to administer viral constructs. The needle 288 was gently lowered to the predefined coordinates for BLA (AP: -2.7, ML:+/-4.8, DV: 8.8) or PL PFC 289 (AP:+3.0, ML: +/-0.6, DV:-3.3) and a 5 minute rest period was observed. The virus was infused over 5 290 minutes (1ul/5mins). After infusion the needle remained in place for a further 5 minutes. The needle 291 was slowly removed and the hole sealed with gelfoam. After completion of all infusions, the surgical site 292 was closed with surgical staples and animals were singly housed for recovery. 293
Viral constructs 294
AAV8-hSyn-Cre (titer: 6.5×10¹² molecules/ml) was sourced from the UNC Vector Core (Chapel Hill, NC, 295 USA). AAVrg-CAG-GFP (titer: 5×10¹² vg/mL, this construct was a gift from Edward Boyden to Addgene-296 viral prep # 37825-AAVrg) and AAVrg pmSyn1-EBFP-Cre (titer: 6×10¹² vg/mL, this construct was a gift 297 from Hongkui Zeng to Addgene -viral prep # 51507-AAVrg (38)), were sourced from Addgene (MA, USA). 298
All constructs were administered 1ul bilaterally and a minimum of 3 weeks incubation was allowed. consisted of 3 days. On day one, acquisition, rats were allowed to habituate to the chamber for 5 360 minutes followed by 5 30s tones paired with shock, 0.5mA for .5s, where administered with 3 min inter-361 trial intervals (ITI). Rats were removed to their homecage and returned to the chamber 24hrs later. For 362 day 2 extinction, after another 5min habituation, 20 tones, 30s with 3min ITIs, were played with no 363 shock at termination. Rats were again returned to the homecage for 24hrs. The last day, day 3 extinction 364 recall, consisted again of a 5min habituation and 20 tones, 30s with 3min ITIs. Freezing, the complete 365 cessation of all movement other than respiration was measured by Freezescan software (CleverSys, Inc) 366 during the 30s tones. 367 on the outcome of breeding. Target 'n' was 10/group, based on previous power analyses performed in 375 our group; however, 'n's were decreased due to missed or ineffective viral injections in the GRKO 376 groups. Effect sizes were calculated to assess the strength of our findings in the face fo reduced 'n's'. 377
Statistical analysis
Effect sizes were in the in the small to medium (p  , ANOVA) and medium to large (Cohen's d, Table 1 lists the sgRNAs tested) and cultured for two days. Cells were then harvested for 550 DNA extraction and T7E1 assay. The editing activity was calculated as percentage of the cut band 551 intensity over the total band intensity. The data were represented as relative fold change respective to 552 the control (Supplementary Figure 1) . 553 554 Off-target sequences 555
Off-target sequences associated with each sgRNA that were used to design the SD:nr3c1 fl/fl rat were 556 carefully considered (Supplementary Table 2 ). The required primers (Supplementary Table 3) were 557 designed with Primer3 software Web for the sequences with highest off-target score, based on the 558 CRISPOR Webtool (http://crispor.tefor.net). PCR products were purified with Thermo Scientific™ 559
GeneJET™ Gel Extraction Kit and sequenced by the DNA Sequencing Core at Cincinnati Children's 560
Hospital Medical Center. We performed off-target analysis on the generated chromatograms by 561 comparing peak-to-peak and nucleotide-to-nucleotide signatures between SD:nr3c1 wt and SD:nr3c1 fl/fl 562 rats. We observed no off-target events among the most likely off-target sites (Supplementary Table 2 Figure 2B) ] . 587
Similarly, the OF is a test for anxious behavior with anxious rats spending the majority of the 5min OF 588 test around the periphery where the rodent feels less exposed to environmental dangers. Less anxious 589 rats will explore the center of the arena more. Any alterations to locomotion in animal models can also 590 be seen in the OF test. When tested in the OF, GR floxed rats explored the center for the same amount Figure 2D) ]. The f/f male rats and wt male rats showed no 593 differences in locomotion in the maze [T(20) = 1.365 ; p=0.187 (Supplemental Figure 2E) ], and the same 594 was true for the female f/f and female wt rats [T(19) = -0.0326 ; p = 0.974 Supplemental figure 2D] . 595
In studies focusing on the effects of stress, the FST is often used as an assay to test for the efficacy of 596 antidepressants to attenuate phenotypes (39). Antidepressants have been shown to decrease 597 immobility, considered passive coping behavior. Further the FST tests for the rodents coping mechanism 598 and how that can change after a manipulation such as chronic stress (2, 4). There were no differences in 599
FST immobility for male [T(20) = 1.960 ; p = 0.0641 (Supplemental Figure 2G) ] nor female f/f and wt rats 600
[T(19) = 1.178 ; p = 0.253 (Supplemental Figure 2H) ]. 601 602
Physiology measures 603
To verify that the gene editing protocol had no effect on periphery physiology, animals were weighed 604 either weekly or bi-weekly from weaning and heart, thymus, and adrenals were dissected from animals 605 after euthanasia (rapid decapitation) and weighed. No differences were observed in body weight 606 profiles in either male (Supplemental Figure 3A) or female (Supplemental Figure 3B ) SD:nr3c1 fl/fl relative 607 to SD:nr3c1 wt controls. Similarly, weight of peripheral organs (thymus, adrenals, heart) were no affected 608 by gene targeting (Supplemental Table 4 ). 609
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